The production of methanol from CO 2 hydrogenation is a promising potential route to a renewable liquid fuel and renewable energy vector. Herein, three distinct routes to make colloidal catalysts based on mixtures of Cu (0) 
Introduction
As global energy demands rise, there is growing need for alternative fuels, and those that can be incorporated into the existing liquid fuel infrastructure are particularly attractive. 1 Methanol is a liquid fuel which may be used neat or in blends with petrol, and can potentially be synthesised using renewable raw materials. [2] [3] [4] Currently, methanol is industrially produced from syn-gas (H 2 /CO/CO 2 ) as feedstock; the syn-gas is transformed to methanol over a heterogeneous catalyst based on Cu-ZnO-Al 2 O 3 . 5 Isotopic labelling and modelling studies suggest that the carbon source for methanol is in fact CO 2 ; 6 the need of CO in the feed may be attributed to the transformation of CO into CO 2 removing undesired water via the water-gas shift reaction (WGSR, CO + H 2 O ⇋ CO 2 + H 2 ). 7, 8 Additionally, Cu-ZnO-Al 2 O 3 heterogeneous catalysts are also active for the direct hydrogenation of CO 2 to methanol, although with only moderate activity and insufficient stability. [9] [10] [11] In the past decade, Fischer, Muhler and coworkers pioneered the liquid phase reaction using colloidal catalysts of Cu(0) and ZnO nanoparticles (NPs) showing promising results for methanol synthesis from syn-gas. [12] [13] [14] [15] Interestingly, such colloidal catalysts have a number of properties that are expected to be more easily controlled compared to heterogeneous catalysts, such as the surface functionality, catalyst composition and particle size.
hydrogenation of CO 2 to methanol. 10, [18] [19] [20] [21] Typically, small (<10 nm) colloidal NPs were prepared and post-catalysis analysis showed the evolution of Cu/ZnO interfaces, where the catalytic active sites are proposed to be located. 11, 22, 23 Colloidal Cu/ZnO catalysts showed equivalent and better rates of methanol synthesis benchmarked against the conventional CuZnO-Al 2 O 3 catalyst. 18 Nevertheless, previous studies did not investigate in detail different methods to make Cu(0) and ZnO NPs nor the nature of the resulting Cu/ZnO interfaces. Ligands have a profound impact on colloidal catalytic systems, and are required to prevent NP ripening and agglomeration, in turn maintaining high surface areas. However, ligands necessarily coordinate to surface sites and could potentially compete with substrate in a catalytic process, 24 or create an energy barrier to surface reaction. 25 The effects of ligands within nanoparticle catalysis are increasingly recognised, [26] [27] [28] and have been reported to affect factors such as the steric environment of the active site, 29,30 electronic properties, 31 changes to hydrophobicity, 32 ligands were synthesised by the reduction of mesitylcopperĲI) (CuMes) as previously reported. 34 The reaction required only 3 bar of H 2 ,
at 110°C, applied mesitylene as a solvent, and was successful using 0.1 molar equiv. of DOPA-H. The product (sample Cu@DOPA) consisted of Cu(0) NPs with diameter ∼2 nm, although some larger NPs (ca. 4 nm) were also observed by ADF-STEM analysis (Fig. S2 †) , as found previously. 34 Considering the size distribution of the NPs, a ligand surface coverage of 34% is calculated (see ESI †). The surface structure was previously identified as a partial surface layer of CuĲI)-DOPA. 34 The Fig. 1 , the pre-catalysts were prepared by combining the Cu@DOPA (route A) or Cu 2 O@DOPA (route B) NP solutions with ZnO@DOPA powder. In both methods, a 1 : 1 Cu : Zn molar ratio was selected since this value had previously shown maximum activity. 18 6 ] cluster (faint signals in the 31 P NMR spectrum). This cluster is known to form from ZnO@DOPA NPs in solution. 35 UV-vis spectroscopy showed both a surface plasmon resonance (SPR) signal (max = 573 nm) from Cu(0) NPs and a band edge at λ ½ = 335 nm (vide infra) corresponding to ZnO NPs of 2.8 nm (Table 1) , notably there is no ripening of ZnO during the reduction step. Powder XRD analysis of the dried NPs (without exposing the sample to air) showed clear signals for Cu(0) and broad signals for ZnO (Fig. S6 †) . Scherrer analysis indicates crystallite sizes of 6.8 nm (hkl = 111) for Cu(0), and 2.3 nm (hkl = 102) for ZnO. TEM images were also consistent with the formation of larger Cu(0) particles (6.2 nm) which are intimately mixed with small ZnO particles (2-3 nm) (Fig. S6 †) . The Cu(0) NPs here are larger than those obtained by the independent reduction of CuMes (and 0.1 equiv. of ligand), likely due to the lower ligand concentration in this case.
Catalytic experiments
2.2.1. Influence of the preparation route. The CuZn@DOPA pre-catalyst colloids were each tested in the hydrogenation of CO 2 to methanol. For each experiment, the colloidal catalysts (0.4 mmol of Cu and 0.4 mmol of Zn) were introduced to a continuous flow stirred tank reactor (CSTR), containing mesitylene as solvent (100 mL total) under N 2 flow. Mesitylene was used as solvent as it is weakly coordinating and high boiling (b.p. = 165°C), but sufficiently volatile to be removed by evacuation techniques allowing further characterisation post-catalysis. Next, the reactor was pressurized to 50 bar using a H 2 : CO 2 mixture (3 : 1 molar ratio), and heated to 210°C. These reaction conditions are in the range of those used industrially, where temperatures are typically 200-270°C and pressures are 50-100 bar. 40, 41 A previously reported Cu/ZnO colloidal catalyst (pre-catalyst Cu/ ZnO@St), 42 and a conventional Cu-ZnO-Al 2 O 3 heterogeneous catalyst were also tested as references under the same reaction conditions and at the same overall catalyst molar loading (0.8 mmol of Cu + Zn). The heterogeneous catalyst, commercially available as CuO-ZnO-Al 2 O 3 precursor, was subject to a standard activation by suspension in mesitylene and using a 5% H 2 /N 2 stream under 4.5 bar at 240°C for 3 h. 43 All experiments were conducted under differential reaction conditions, with CO 2 conversions always below 2%. More details on the catalytic procedure and reference catalysts are available in the ESI. † In a typical catalytic run, the methanol rate rose to a peak value after several hours on stream, after which, the rate and selectivity remained stable over 12 h (Fig. S7-S11 †) . The only by-product observed was CO, which is produced by the reverse water gas shift reaction (rWGSR). The previously reported CuZnO@St and the conventional Cu-ZnO-Al 2 O 3 catalysts exhibited similar methanol rates and selectivities -in good agreement with previous reports (Fig. 2) . 18 The three
CuZn@DOPA catalysts gave activities 2-3 times higher than reference catalysts. The higher methanol rate compared to 19 For the CuZn@DOPA catalysts, prepared by routes A-C, the specific methanol rates and selectivities exhibited were not substantially different, despite the variations in the synthesis. It is potentially very useful that the air stable precatalyst colloid, Cu 2 OZnO@DOPA, was equally effective, removing the need for air-sensitive handling techniques. The methanol rate is generally correlated to the Cu(0) surface area for heterogeneous Cu/Zn-based methanol synthesis catalysts. 44, 45 Hence, the size distributions of the Cu(0) NPs from the post-catalysis samples (Fig. S12 †) were used to estimate the turnover frequencies (TOFs, mol CH 3 OH m Cu −2 s −1 ) on the active catalysts. As seen in Table 1 , the Cu 2 OZnO@DOPA precatalyst, which forms smaller Cu(0) NPs (3.6 nm) exhibited a lower TOF compared to CuZnO@DOPA and CuMesZnO@DOPA pre-catalysts, which produced larger Cu(0) particle sizes (6-7 nm) . This finding correlates with recent studies reporting that the surface-specific activity decreases gradually for Cu(0) NPs smaller than 8 nm, providing the promotion by Zn is not limited by Zn loading. 46, 47 This size-related structure sensitivity for Cu/Zn heterogeneous catalysts used in the methanol synthesis, although still unclear, has been attributed to the requirement for a unique configuration of Cu(0) particles with specific step sites which occur less frequently on smaller NPs. 46 However, per mass of CuZnO, the lower surface specific activity associated with small particles is compensated by the increased available surface area in the case of precatalyst Cu 2 OZnO@DOPA, indicating that there is an optimum Cu(0) NP size which maximises the methanol rate. CuZn@DOPA post-catalysis colloids were characterised using air-sensitive techniques in order to prevent their oxidation. By XRD, all the samples showed typical diffraction peaks assigned to the crystalline Cu(0), confirming that Cu 2 O NPs in sample Cu 2 OZnO@DOPA were reduced under the reaction conditions (Fig. S13-S15 †) . CuZnO@DOPA and CuMesZnO@DOPA also showed peaks corresponding to the crystalline ZnO phase. In contrast, no clear ZnO peaks were observed for the sample prepared from Cu 2 O NPs, Cu 2 -OZnO@DOPA, suggesting the presence of an amorphous ZnO phase or ZnO crystallites with sizes under the detection limit of the diffractometer (≲2 nm). All the samples showed an increase in the crystallite size of Cu(0) after catalysis (Table 1) , which is more pronounced for CuZnO@DOPA, and a small increase in ZnO diameter from 2-3 to 3-4 nm (except for Cu 2 -OZnO@DOPA for which crystalline ZnO was not observed).
The nanoscale structure of the post-catalysis colloids was studied by electron microscopy. Whilst catalysts CuZnO@DOPA and CuMesZnO@DOPA exhibited welldefined NPs (Fig. 3a and c) , Cu 2 OZnO@DOPA formed 20-100 View Article Online nm agglomerates (Fig. 3b) . EDX analysis of the agglomerates, showed Cu(0) NPs embedded in a Zn and O rich phase (Fig.  S16 †) . In this case, the re-arrangement of the ZnO phase is not obviously rationalised but may relate to increased amounts of water which are present from the in situ Cu 2 O reduction.
As seen in Fig. 3 , lattice spacing analysis of the HR-TEM images allowed identification of Cu(0) and ZnO NPs in the postcatalysis samples of CuZnO@DOPA and CuMesZnO@DOPA (Fig. 3a and c) . For Cu 2 OZnO@DOPA well-defined Cu(0) NPs were mainly located in an amorphous ZnO phase, though some minor regions of small ZnO crystallites were also observed ( Fig. 3e and S17 †) . It might suggest that crystalline ZnO is not required to form the methanol synthesis active sites, as reported in some studies. 46, 48, 49 However, the identification of some crystalline ZnO structures prevents firm conclusion from being obtained. In any case, the HR-TEM images of the post-catalysis colloids showed clear evidence of Cu(0) and ZnO interfaces ( Fig. 3 and S17-S19 †). The proportion of Cu(0) NPs in contact with crystalline ZnO particles was higher than 40% for the post-catalysis samples of CuZnO@DOPA and CuMesZnO@DOPA (Table S1 †), whereas the amorphous ZnO phase of Cu 2 ZnO@DOPA sample hindered a fair analysis. A representative HR-TEM image of an interface between a Cu(0) and ZnO NP is shown in Fig. 4a . The fast Fourier transform (FFT) of the image (Fig. 4b) shows peaks at lattice spacings corresponding to the Cu(0) and ZnO phases. Vectors from the center of the FFT to the two labelled peaks, Cu (111) and ZnO (002), share the same direction and are perpendicular to the Cu/ZnO interface, indicating a likely epitaxial relationship between the Cu (111) and ZnO (001) facets. Previous measurements of ZnO grown on Cu(0) showed the same epitaxial relationship. 50 Other Cu/ZnO interfaces from HR-TEM analysis indicate that different epitaxial relationships are also likely present. Fig. 4c shows a Cu(0) NP with three ZnO interfaces. The FFTs (Fig. 4d) show that two of the interfaces are perpendicular to vectors pointing to the ZnO (002) peaks, but not the Cu (111) peaks, meaning the interface is not likely between the Cu (111) and ZnO (001) facets. Furthermore, unlike in the previous example, there is some apparent overlap between the Cu(0) and ZnO lattice fringes. Thus for these interfaces, the epitaxial relationship is likely between some higher indexed ZnO facet, such as (01l) where l > 1, and a Cu facet other than (111). It is commonly suggested that the Cu/ZnO interface leads to the formation of the active sites for methanol synthesis, 14, 15, 51 and consistent with this hypothesis, here, such interfaces were indeed observed to form in the post-catalysis samples. In order to establish when the interfaces are formed, the pre-catalyst colloids CuZnO@DOPA and CuMesZnO@DOPA were also analysed by HR-TEM. No Cu/ ZnO interfaces were observed upon simply mixing the Cu(0) and ZnO NPs (sample CuZnO@DOPA). On the other hand, when CuMesZnO@DOPA was submitted to a reduction treatment during its preparation (3 bar of H 2 at 110°C), the clear formation of interfaces was identified (Table S1 †). The conclusion that the active Cu/ZnO interfaces form under the reaction conditions (50 bar of H 2 : CO 2 = 3 : 1) is aligned with previous reports that, in heterogeneous catalytic systems, Cu(0) and ZnO NPs create contact points during the reduction step. .25 also confirmed that the particle diameters (both Cu and ZnO) were lower than 3 nm (Fig. S23 †) , which is smaller than that for the equivalent CuMesZnO@DOPA sample without extra ligand addition. This observation indicates that an increased ligand content leads to smaller Cu(0) NPs. The CuMesZnO@DOPA+x catalysts with variable ligand loadings were tested in the hydrogenation of CO 2 to methanol. As observed in the previous catalytic runs, the methanol This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
View Article Online
rate reached a maximum after several hours and then remained nearly constant over the 12 h of each experiment (Fig. S24 †) . The increased [DOPA] − ligand content did not substantially affect the short-term stability of the colloidal solutions. However, increasing the [DOPA] − loading systematically decreased the methanol synthesis rate (Fig. 5) , almost to zero for the highest concentration sample, CuMesZnO@DOPA+1. As shown in Table 1 , smaller Cu(0) NPs (3.3 nm) were observed for CuMesZnO@DOPA+0.25 compared to the original CuMesZnO@DOPA (6.0 nm). However, the decrease in rate for CuMesZnO@DOPA+0.25 cannot be attributed to the smaller Cu(0) particle size, as Cu 2 -OZnO@DOPA, which has a similar Cu(0) NPs size (3.3 and 3.6 nm, Table 1 ), exhibited one of the highest methanol rates. Therefore, the ca. 40% lower methanol rate (and TOF value) for the sample CuMesZnO@DOPA+0.25 must be attributed to detrimental effects of extra ligand addition. Unlike CuMesZnO@DOPA, HR-TEM and STEM images for CuMesZnO@DOPA+0.25 showed fewer Cu(0) and ZnO interfaces after catalysis (Table S1 †), the discrete NPs may be stabilised by the greater concentration of available ligand (Fig. S25 †) . Supporting this characterisation data, more isolated Cu(0) NPs would be expected to promote the rWGSR, consistent with an observed decrease in methanol selectivity from 85 to 60% on increasing ligand loading (Fig. 5) . [53] [54] [55] An alternative explanation for the detrimental effect of excess ligand may be the formation of inactive molecular species by the reaction of [DOPA] − with the NPs. In fact, all the NMR spectra of the post-catalysis colloids showed a sharp signal in the 31 P NMR spectrum [δ 56.5 ppm (CDCl 3 )] which was assigned to a known [Zn 4 OĲDOPA) 6 ] cluster compound (Fig. S5 †) . 35 The cluster is known to form as a minor byproduct during the synthesis of ZnO@DOPA NPs and was also observed, by 31 P NMR spectroscopy, when isolated ZnO@DOPA particles were dissolved in organic solvents. 35 It appears that the cluster species is in equilibrium with ZnO@DOPA NPs (ESI, † supporting note 2 6 with Cu(0) NPs exhibited no activity for methanol synthesis. Finally, it is possible that an increased amount of ligand might also reduce the methanol rate by blocking or hampering the accessibility of the reactants to the active sites, as reported under conditions where large quantities of ligand were used in other catalytic systems. 33 
Oxidative stability of the post-catalysis colloids
The oxidation of Cu(0) NPs to form Cu 2 O can be followed by UV-vis spectroscopy by monitoring the loss of the SPR signal, which is accompanied by a colour change from red to yellow/ green/blue (depending on the particle size). 34 Typically, oxidation occurs quickly and for small (<5 nm) NPs, it reaches completion within a few minutes. However, once the particles become larger (>5 nm), evidence of the formation of longlived (hours to weeks) Cu 2 O/Cu core shell particles has been observed. 34, 38 During oxidation of such larger particles, as a surface layer of Cu 2 O forms, the remaining Cu(0) core initially displays an enhanced SPR, due to reduced interaction with the surrounding solvent. 34, 38, 56, 57 All the precatalyst colloids changed colour within 10 minutes under air, indicative of rapid surface oxidation ( Fig. 6b and S2 and S20-S22 †). 34 On the other hand, the post-catalysis solutions without the addition of extra ligand behaved differently, with all remaining a deep red colour under air for up to 24 h (Fig. 6d and S26 and S27 †). In all cases, the SPR signal remains at a similar intensity with only a very slight red shift, suggesting that the surface of the Cu(0) particles is hardly changed. This lack of oxidation is consistent with XRD of the same samples, which showed no change on air exposure (Fig. S13 and S14 †) . 34 Previous reports describe the deposition of a Zn phase onto Cu(0) NPs by sequential co-pyrolysis of the organometallic precursors which retards the oxidation of Cu(0) in air. 14 In this study, using different synthetic routes, we have found that the Zn deposition occurs under reducing conditions during catalysis. One explanation for this surprising stability could be that a ZnO surface passivation layer forms on the Cu(0) NPs (Fig. 7) . Layers of "graphitic" ZnO have also been observed on the Cu(0) surface in a post-catalysis sample of the conventional Cu/Zn-based methanol synthesis catalyst. 58 Here, multiple attempts were made to analyse the putative surface layer but it could not be conclusively identified by either HR-TEM or XPS techniques. 
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There was also a ligand loading effect on the oxidative stability. When greater loadings of ligand were used, the post catalyst solutions (CuMesZnO@DOPA+0.1 and CuMesZnO@DOPA+0.25) oxidised more rapidly in air (e.g. colour change within ∼1 h, Fig. S28 and S29 †), although still more slowly than before catalysis (colour change <2 min, Fig. S20-S22 †) . The findings are consistent with the formation of small (≤3 nm) Cu(0) particles that are not so effectively stabilised by a surface layer. A lesser degree of oxidative protection may be attributed to less efficient transfer of ZnO onto the Cu(0) surface due to the reduced formation of Cu/ ZnO interfaces, as observed experimentally, although an excess of ligand acting as a scavenger of Zn species cannot be dismissed. Interestingly, when ZnO@DOPA NPs were combined with Cu@DOPA NPs and heated under 3 atm H 2 , at 135°C for 24 h, the resultant colloidal mixtures showed rapid oxidation profiles (<2 minutes, by visible spectroscopy, Fig.  S30 †) . Therefore, the protection of the Cu(0) surface appears to require either higher temperatures and/or more reducing conditions such as those present during catalysis.
Conclusions
Three different routes have been studied to prepare mixtures of Cu (0) The characterisation of the post-catalysis samples showed the formation of Cu/ZnO interfaces in all cases, although there were clear differences in the Cu(0) NP size and in the nanoscale structure between the various catalysts. Catalytic and characterization results suggest an optimum Cu(0) NP size to maximise the methanol rate (per mass of CuZnO), which is dictated by the synthetic route used and the ligand loading. As the ligand loading was increased, both the rate and selectivity decreased. This may be due to a combination of factors including reduced formation of Cu/ZnO interfaces and a greater proportion of inactive molecular species.
UV-vis spectroscopy revealed that the Cu(0) NPs in the post-catalysis samples were more stable to oxidation in air than in the pre-catalysis material. This stabilising effect is tentatively attributed to the formation, under reaction conditions, of an ZnO-containing layer on the surface of the Cu(0) NPs. Additionally, the oxidative stability decreased with View Article Online increased ligand content. Determining whether a surface coverage of ZnO is essential for forming active sites or merely a by-product of the catalytic process should be a future target for the field. Cu/ZnO-Based colloidal catalysts show real promise in terms of activity and selectivity, and could provide a viable liquid phase methanol production process. The ligand exerts an important influence on the structures and performances of the catalysts and thus, further studies focused on the ligand design and loading are warranted.
